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Abstract* In this paper a design concept of a tele- 
manipulator for laparoscopic surgery is presented. It enables 
precise handling of surgical effectors and cameras inside the 
abdominal cavity with six degrees of freedom of motion 
through a trocar tube less than 15 mm in diameter. The 
kinematical structure consists of fifteen axes articulated by 
six electrical servo drives. 

The corresponding manipulator system consists of a 
powered, dexterous instrument and an instrument guiding 
system. The latter enables safe and precise rotation of the 
instrument shaft around an invariant point in the abdominal 
wall A special joy-suck with the same kinematical structure 
will be employed as a first device for motion control in 
roaster-slavc-mode. 



1 Introduction 

No other surgical technique has revolutionized abdominal 
surgery so much as endoscopic surgery did Through trocar 
tubes in the abdominal wall slim rigid instruments are 
moved to the location of interest to the surgeon. Organs and 
tissue arc treated with a variety of effectors. The rigid 
instrumentation is simple and allows appendix- and gall 
bladder surgery to be performed. Especially in abdominal 
surgery these endoscopic procedures compete with the con- 
ventional techniques of open surgery. More complex 
endoscopic operations are right now the subject of intensive 
surgical research. 

The surgeon applying endoscopic techniques must cope 
with a number of disadvantages: 

• Direct, three-dimensional view is no longer possible. 

• Rigid instruments restrict the dexterity of surgical 
effectors. 

• Work with conventional instruments and the required 
precision imply a high physical stress for the surgeon. 

First stereoscopic cameras are already used in endoscopic 
surgery, but currently employed instruments are still 



restricting the surgeon's capabilities during more complex 
endoscopic procedures. Special devices and systems for 
teleraanrpulated endoscopic handling of surgical effectors 
are still not available. 

The requirements of endoscopic surgery [Buefl 
88][Cu$cheri 92] and me associated handling problems are 
very similar to those in remote bandlmg technology in 
hostile environments. Under a project of cooperation with 
the University of Tubingen, endoscopic instruments with 
additional motion axes and combined surgical effector 
functions have been developed at Kernforschungszentrum 
Karlsruhe GmbH. Starting from the experience with 
steerable [Dautzenberg 92] and powered, dexterous 
instruments [Neisius 93], the development of a 
teiemanipulator for laparoscopy [Rininsland 93] was 
launched. 



2 Motivation 

The goal of the concept presented is tekmanipulated, 
endoscopic handling of different surgical effectors or 
cameras with six de grees of freedom of morion. This en* 
ables dexterous positioning at and orientation of the ef- 
fectors to the organ structures in question with higher preci- 
sion and improved ergonomics. The experimental robotic 
manipulator required consists of an instrument guiding 
system and exchangeable, endoscopic instruments with 
combined surgical effector functions. The following essen- 
tial improvements of endoscopic handling technology have 
to be achieved: 

• Endoscopic handling of surgical effectors with six 
degrees of freedom 

• Larger working space and augmented dexterity 

• Steady and safe instrument guiding around the incision 
point in the abdominal wall 

• Motion control of the effector in effector coordinates 

• Support for the surgeon by better ergonomics 

• Higher precision during long procedures 



m 
m 

I 

US 

r- 
m 

O 
O 
-a 
•< 



4 



169 



From : GREEN, LEIGHTON 8/ 



PHONE No. 



415 948 26i 



Nov. 16 1994 9:20flM P04 



Considering that surgical effectors must be manipulated m 
complex, unstructured working environments luce the 
abdominal cavity, a master-siave-mode of control is 
suggested. Motion control and path planning for the effector 
are done by the operator's hand in effector coordinates with 
a kind of joystick, the master-manipulator. The slave, 
manipulator positions and orientates the effector in the same 
manner indicated by the operator's hand movements. Thus, 
after a short learning phase quick and save telemanipulation 
can be established under improved ergonomkal conditions. 
In a first step reflexion of the resulting handling forces on 
the master device is not absolutely necessary. 

3 Kinematics of Endoscopic Handling 

The kinematical scheme for an endoscopic manipulator 
results from the desired working space and the required 
motions of manipulator tip or effectorJn laparoscope die 
most important restriction of the working space is the 
interface of robotic manipulator and abdominal wall. At toe 
beginning of an endoscopic operation the abdominal cavity 
is pressurized by insufflating CC^-gas in order to lift the 
abdominal wall and thus creating sufficient working space. 
Trocar tubes are then inserted into the abdominal wall. 
Through these pom the tastnanents will be moved towards 
the location of surgical intervention. 



AXIS 3 



AXIS 4 



INSTRUMENT 
SHAFT 




ABDOMINAL 
WALL 



If we consider the point of incision as invariant, the 
abdominal wall forms an elastic cardanie suspension of the 
trocar tube, providing two axes of rotation I and 2 (Fig. 1). 
The endoscopic shaft of an instrument can be rotated and 
translated in the trocar tube around its longitudinal axis. 
These four degrees of freedom of motion do not ajlow safe 
travelling around organs and optimal orientation of surgical 

border to be able to manage more complex procedures of 
endoscopic handling and to improve the interaction of 
effector and environment, at least two additional degrees of 
freedom are required for effector orientation. They have 
been provided by a special endoscopic multi-link structure 
and a flexible shaft for effector rotation. The corresponding 
kmematical scheme of the Karlsruhe approach to 
endoscopic manipulator design is shown in Fig. 2. 
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Fig. 1 : Endoscopic kinematics of a rigid instrument 



Fig. 2: Kinematical concept of flexible, endoscopic 
handling 

The fust motion axis zq is rotated by an angle of 30° around 
the y-axis of the base frame x,y,z~ The corresponding 
rotation q> j around » driven by a geared dc-serwwnotor. 
The rotations ^ <P3» V4 * e 6X65 z b z 2» z 3 »- 
coupled by mechanical transmissions and driven by only 
one geared dc-servo-rootor Respecting die constraints of 

motions 93-11/2. H"**"^** «fa H ******* 
axis zn in a remote cento of motion E Thus, the cardaiuc 
suspension of the trocar tube at die point of incision inthe : 
abdominal wall is guaranteed. The instrument is subjected 
to a sliding motion 65 along axis 24 and a rotation 96 
around axis 25. The endoscopic multWink structure 
provides eight coupled axes from z$ , 17 ♦ zg to zy$ . The 
corresponding joint angles from 97 , <pg— to 914 
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art due to linear coupling between die 

The planar swivel motion of this multi-link 
£££ Jdri^Tby a singte dc-servo-motor and is 
as^bybrid axis. Finally, the effector can be 
S? ffl B £L .round axis 2,4 by a flexible shaft 
^ISrtSfsSLe presented has fifteen joint axes. 
^T^S^dep^dent TWs concept 
2d« six degrees of freedom for flexible effector 

respecting the point of incision in the abdominal wall. 

Tne following ranges 

exwriments with a prototype of the powereo, oexwrow 
Sent and by relevant computer simulations: 



For efficient cleaning and sterilization the instrument's shaft 

sensors or actuators wbien wouw n»«j 
sterilization; 



BEARING SEATS FOR. INTEGRATION 
IN AN INSTRUMENT GUIDING SYSTEM 

MINIATURIZED SERVO MOTORS 
WITH PLANETARY GEARS 

CONTROL 
KEYS 



rotation around the incision point 

rotation around the incision point 
mechanically coupled motion 



translation of the instrument 

rotation of the instrument's shaft 

swiveling of the multi-link 
structure 

mechanically coupled motion 



. 9J -±90° 

• 92 -±60° 
and 94 "92 

• (I5 - 0-370 mm 

• <|> 6 -±180° 

90 914 

• 9, 5 -±lg0° rotation of the surgical effector 

The desired effector orientations are only feasible wftb 
ZZ arm configurations. Small, lateral motions of *e 
abdominal wall around the remote center of motion are 
considered negligible because of its elasticity. 



4 Design Concept 

4.1 Powered Dexterous Instrument 

The powered dexterous instrument consists of a surgical 
effectW *e endoscopic mum-link structure, the instrument 
shaft as well as the drive unit (Fig. 3). 
Miniaturized servo drives with planetary gears in the drive 
uS^S Selector rotation- and 'swiveUng of*e 
tnulti-Unk structure' motions as well as the rffeoor 
Actions, e.g. grasping, cutting, and coagu^ng. Tto 
functions can be operated either by a set of keys • 
instrument or by the master control device. To allow severnl 
instrument shaft, with different combmadons of dfcoor 
to be usod, » mectanicd ^£^*f% 
has been developed. In case of complete failure of all 
electric drives, the shaft of the instrument can be 
diSLSTLn me drive unit by the quick-change 

interface. 





N 

INSTRUMENT 
SHAFT 



DRIVE UNIT WITH 
QUICK-CHANGE 
DEVICE VU 

SURGICAL 

EFFECTOR \ 

E fOX>SCOFICMUL < n- 
UNK STRUCTURE 
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Fig. 3: Powered, dexterous instrument for the mtegratfon 
in an instrument guiding system 

42 Surgical Effectors 

In addition to simple grippers and scissors, effectorswith 
combined surgical functions will be ^ "^T^I 
a robotic manipulator for endoscopic handtag. The 
effectors described below have been oeveloped from rigid 
aSmTents [Dautzeuberg 9 3 J. But they 1ml * be adjured 
to the powered instrument and the robotic "«»P*"» 
system in such a way that tools can be changed safely and 
quickly. ;(.V.- : 
4.2.1 Dissection and Preparation 

Dissection and preparation of anatomical structures imply 
Miration, irrigation, coagulation and cutting. These basical 
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functions should be suitably combined in a single entcwr 
of an instrument. Changing the instruments dunr.* m 
ooeruion is not only time consuming and inconvenient, rat 
also dangerous to the patient If unexpected blee.ag 
occurs, the localization and control of the source wrttoa . ■ 
multifunctional instrument is too slow. In order to surdity 
coagulation and cutting of vessel containing smicri-es, 
several tombination Instruments have been developed in 
clow cooperation with the Department of General Surgery 
of the University of Tubingen. One product of deve tepsent 
is a bipolar forceps with completely insulated. U-shaped 
electrodes, semi-automatic cutting function and an irrigation 
and suction channel (Fig. 4). A new prototype, jhich can 
be completely disassembled, was tested successfully. This 
design guaranties an efficient cleaning and sterilisation. 



automatic system suited as an effector of the endoscopic 
handling system. The "T-ncedle" has a central cross-bore 
for the thread and cone shaped, sharp tips on each side (Fig. 
5). It can be moved back and forth between two clamps by 
alternately gripping the needle's tip with two opposing 
attachments integrated in the jaws. 





Figure 4: Drawing of a multifunctional bipolar coagula- 
tion forceps whh integrated anting, suction 
and rinsing device [Cuscheri 92],lMetoer 93] 



4.12 Suturing 

In advanced endoscopic surgery continuous and interrupted 
suturing is performed routinely, but nevertheless 
handicaped by difficulties in handling of the needle and 

A^net -T-needle-, operated by a pneumatically comrolled 
sewing instniment. has been designed to simplify the 
endoscopic suturing technique and to create a semi- 



Figure 5: Drawing of the pneumatically controlled sewing 
instrument IMetaer 93]. 

This is achieved by foot controlled and pneumatically 
driven clamp unit placed in the fixed jaw versus a spring- 
loaded-clamp placed in the moveable jaw. When the former 
is activated, the T-needle Is fixed and upon release the 
spring loaded clamp unh holds the needle. Different cross 
sections, shapes and directions of movement have been 

designed. . 
The needle moving device has been developed to improve 
we endoscopic suturing technique. The needle can be easily 
handled between both actuated clamps like in a weaving 
loom. Thus, making continuous sutures can be accelerated 
and simplified and the same is true for making knots. 
The effectors were tested successfully in experiments 
involving both phantom and animal experiments at the 
University of Tubingen, Department of General Surgery. A 
new design focuses on efficient cleaning and sterilization. 
Further investigations into the quality of cleaning and 
sterilixation will be carried out by experiments at the 
University of TObmgen, In standardized test procedures the 
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effectors will be contaminated with a radioactivcly labeled 
liquid. After cleaning and sterilization they will be 
examined with a gamma camera to detect any residual 
contamination [Rotb94J. 

The effectors will then be adapted to the powered, 
dexterous instrument, which is moved by an instrument 
guiding system around the point of incision in the 
abdominal wall. 



43 Instrument Guiding System 

By means of a manually operated quick-change device the 
powered, dexterous instrument is attached to the carrier of 
the instrument guiding system for translation and rotation 
around the longitudinal axis (Fig. 6). In die same way a 
flexible endoscope with electrically driven bending section 
can be inserted in die guiding system. 



DRIVE UNIT OF THE 
POWERED INSTRUMENT 
CARRIER 
TROCAR TUBE -j 1 
RrWTETOINJ 




CARRIER GUIDES 



ARM MECHANISM 
WITH COUPLED AXES 
zl.z2,z3(Fig.2) 



ADJUSTMENT OF THE 
REMOTE POINT OF 
MOTION ALONG zO 



ADJUSTABLE ATTACHMENT 
TO THE OPERATION TABLE 



rotation axis zq. The perpendicular support guide can be 
moved out of the support mounted on the operation table. 
The third axis of adjustment is provided by translating the 
support along the operation table side-guides. For additional 
orientation the instrument guiding system can be turned 
around the perpendicular axis of the support guide and fixed 
manually. 

A similar approach using a four-bar-linkage for endoscope 
guidance has been reported by J. Funda [Funda 94]. This 
approach provides four degrees of freedom of motion for 
endoscope and instrument guidance. The surgical robot is 
standing on the floor. If the operation table and the patient 
move, an adjustment of the location of the remote center of 
motion will become neccessary. 
The manipulator shown in Fig. 6 enables large ranges of 
motion around the incision point and is attached to the 
operation table. Thus, the adjusted location of die invariant 
point can remain constant during the entire endoscopic 
procedure, neglecting small, relative motions of the elastic 
abdominal walL The articulated arm design and die 
horizontal, initial position of the instrument employed 
enable easy access to the operation table. The 
corresponding, prototypic master device is an identical 
kinematic structure. Instead of the effector, a handle is fixed 
to the endoscopic multi-link mechanism for motion control 
in the master-slave-mode. Integration into a universal 
master control concept is also intended [Holler 93]. 

5 Graphical Computer Simulation 

With the development of endoscopic handling systems, 
surgeons face the problem of familiarization with comple- 
tely new techniques and procedures. The presented endo- 
scopic training interfere is dedicated to the most important 
laparoscopic operations presently perforated. The set-up 
enables following practical exercises: 

• Coordination of different instruments under synthetic 



w 
m 

CO 
H 

I 

E 

CD 
I— 

m 

o 
o 

"O 

< 



Fig. 6: Endoscopic slave-manipulator f coiisisttag of the 
powered, dexterous instrument and the instru- 
ment guiding system 

At die lower end of the carrier guides a trocar clamping 
mechanism is located to guarantee die alignment of the 
longitudinal axes of trocar tube and instrument For safe and 
precise motion around the point of incision, a spherical 
mechanism is used which consists of an arm mechanism 
with die coupled axes Z], Z2» 13 and an axis of rotation zq 
of ( Fig. 2), This articulated arm structure with two cardanic 
motion axes provides inherent safety through mechanical 
constraints. The design concept allows die invariant point of 
spherical mechanism to be adjusted to the abdominal wall 
by three additional translation axes indicated in Fig. 6. The 
base housing can be translated parallel to die inclined 



Handling of an endoscope mock-up with its correspon- 
ding synthetic camera view 
Teamwork of surgeon, assistant and cameraman 
Simulation of new instrument designs and guiding 
systems for powered instruments and cameras 
Measurement of handling speeds in a simulated en- 
vironment 

But also test of different master-arm configurations 



The design concept of the Karlsruhe endoscopic surgery 
simulator [Kuhnapfel 94] takes into account the cinematics 
of conventional endoscopic handling with four degrees of 
freedom. Furthermore it allows for future extension of the 
training interface for die dexterous instruments and guiding 
systems presented It consists of a plastic phanthom box 
with five inserted trocar tubes guiding four instrument- and 
one endoscope mock-up. The incision point in the abdomi- 
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nal wall is considered to be a cardanic suspension of the 
trocar tube (Fig. 1 ) in the endoscopic trainer. The instru- 
ment's shaft can rotate around and slide along the trocar 
tube. Instead of using e.g. a polhemous tracker for the 
measurement of the absolute position and orientation of tne 
instrument tip, a miniaturized guiding mechanism has been 
designed which measures die joint motions introduced m 
Fig. 1. Each motion axis is equiped with a precision 
potentiometer. The mechanisms provide an invariant point 
of motion in the -points of incision' of the endoscopic 
training interface. The sensorized guiding mechanism 
enables the precise computation of the absolute posidon and 
orientation of the effector using the forward solution of 
endoscopic kinematics with four degrees of freedom. 
Commercially available instrument handles were connected 
with the endoscopic shafts. The instrument handles are 
equiped with potentiometers, in order to measure the 
gripping motion. The instrument mock-ops are 
hiterchangable to allow different configurations of the 
surgical set-up. As indicated before, mock-ups of powered 
instruments equiped with switches end potentiometers for 
additional effector functions and motion axes can be also 
inserted into the endoscopic training interface. 




REAL TIME SIMULATION 
OF A SURGICAL SCENARIO 



it ANALOG CHANNELS 
32 BIT WGJTALN. 



GRAPHICAL 

WORKSTATION 

SILICON 

GRAPHICS 

ONYX/VTX 



A 




RS-232 

3S.4 KBIT/SEC 



PC FOR SENSOR 
DATA 

AQUISmON 




INSTRUMENT 
MOCK -UP 



ENDOSCOPE 
MOCK-UP 

ENDOSCOPIC TRAINING INTERFACE 



MASTER DEVICE 



Fig 7: The Karlsruhe endoscopic simulator 

The experimental set-up consists of the endoscop ic training 
interface, a PC DX-386 for data aquiritioo and a graphical 
workstation. All measured joint and handle positions are 
transmitted by up to 48 analog channels with a resolution of 
12 bft. Additional signals from switches are connected to a 
32 bit digital I/Oboard. On request of the graphical 
workstation the signals are submitted from the PC by a RS- 



232 Interface with 38400 Baud. The KISMET-software 
(Kinematical Simulation and Monitoring Environment for 
Telerobotics) fKtthnapfel 93J allows a realtime master- 
slavo-control of modeUed instruments in their virtual 
operating environment. Instead of using mintatunzed 
guiding mechanisms and instrument mock-ups inserted in 
the training interface, separate master devices can be 
connected to the data aquisition system and tested tor a 
master-slave control in effector coordinates. Thus, the 
operators will have the opportunity to experience the 
control of the endoscopic handling system under 
development 



6 Safety Aspects 

The concept of mechanically constrained motion guiding of 
endoscopic instruments around an invariant point has 
already been proved in surgical robotics [Davies 1992]. The 
eardanic axes of the laparoscopic telemanipulator are 
mechanically constrained and limited in their ranges of 
motion, thus providing inherent safety in endoscopic 
handling around the incision point in the abdominal i wall. 
This is an essential advantage of the concept presented with 
a view to potential applications using industrial robots as 
instrument guiding system. 

In first experiments a simplified, PC-based master-slave 
control based on a modular conception will be used. The 
control schemes of me decoupled motion axes will be 
optimized, avoiding overshoot and vibrations due to suck- 
slip effects. The inputs from the operator s hands to the 
master device have to be checked and filtered by an internal . 
coordinator. . . 

Also endoscopic handling forces must be also measured in 
order to supervise the operation. This can be done either try 
using a standard six-degrees-of-freedom force-torque 
sensor, placed between the instrument carrier and the carrier 
nodes or by a miniaturized, endoscopic force-torque sensor 
behind the surgical effector. The coordinator checks the 
safety of handling based on these sensor inputs to avoid 
incorrect operation of the manipulator. . 
The effector functions are directly controlled by switches in 
the master handle and foot pedals currently used in surgery. 
After that first experimental program die endoscopic 
telemanipulator will be integrated in a KfK-telepresence 
svstem [Holler 1993]. In summary, the endoscopic master- 
siave-telemanipulator is immediately controlled by the 
decision the operator makes. Elements of artificial 
intelligence should, however, avoid dangerous mistakes 
during telemanipulator assisted surgery. 

7 Conclusion 

The presented, endoscopic telemanlpulation concept of a 
powered dexterous instrument and an instrument guiding 
system is presently implemented. Besides the development, 
of special kinematical structures, control schemes and safety 
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Mt „ie. optimization and integration of suitable 

Omenta whh function prototypes of concept 
carried out in cooperation ^J*"* 
^Egco, have shown that they are suited to assist the 

surgeon* 

Furthermore graphic* computer simulatio^able firs* 
interactive control of a computer model of m 
uSammdator with a simple master device. 
^Kmled teleopennon will ^ ^n^accou^ 
£L»Uy in the further development of safety "™ 
oSL.machme interface. Advanced real tune cornptfer 
Xation shows investing perspectives for surgical 
training and operation planning. 

But surgical robotic systems which use i^Jj**^ 
data as , basis of automatic path planning and the execiraon 
of endoscopic operations neglect the flexibility of organs 
andmeramplexfty of the unstructured environment Thus. 
srfetTcan only be gu««nteed to case of retauvely soff 
Sums which do not move. The endoscope masw- 
Tve-tttenanipulalor is guided by the operator's decmon 
ano^pooSiry, thus enabling an 
handllng^surgical effectors and cameras whh s* degrees 
of freedom inside the abdominal cavity. 
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